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ABSTRACT
An unexpected intense outburst of the Draconid meteor shower was detected by the
Canadian Meteor Orbit Radar (CMOR) on October 8, 2012. The peak flux occurred
at ∼16:40 UT on October 8 with a maximum of 2.4 ± 0.3 hr−1 · km−2 (appropriate
to meteoroid mass larger than 10−7 kg), equivalent to a ZHRmax ≈ 9000± 1000 using
5-minute intervals, using a mass distribution index of s = 1.88± 0.01 as determined
from the amplitude distribution of underdense Draconid echoes. This makes the out-
burst among the strongest Draconid returns since 1946 and the highest flux shower
since the 1966 Leonid meteor storm, assuming a constant power-law distribution holds
from radar to visual meteoroid sizes. The weighted mean geocentric radiant in the time
interval of 15–19h UT, Oct 8, 2012 was αg = 262.4
◦
± 0.1◦, δg = 55.7
◦
± 0.1◦ (epoch
J2000.0). Visual observers also reported increased activity around the peak time, but
with a much lower rate (ZHR∼ 200), suggesting that the magnitude-cumulative num-
ber relationship is not a simple power-law. Ablation modeling of the observed meteors
as a population does not yield a unique solution for the grain size and distribution
of Draconid meteoroids, but is consistent with a typical Draconid meteoroid of mtotal
between 10−6 to 10−4 kg being composed of 10 – 100 grains. Dynamical simulations
indicate that the outburst was caused by dust particles released during the 1966 per-
ihelion passage of the parent comet, 21P/Giacobini-Zinner, although there are dis-
crepancies between the modelled and observed timing of the encounter, presumably
caused by approaches of the comet to Jupiter during 1966–1972. Based on the results
of our dynamical simulation, we predict possible increased activity of the Draconid
meteor shower in 2018, 2019, 2021 and 2025.
Key words: meteors, meteoroids, comets: individual: 21P/Giacobini-Zinner.
1 INTRODUCTION
The October Draconid meteor shower (DRA or IAU/MDC
009; usually referred to as “Draconids”; some older literature
may also refer to it as the “Giacobinids”) is an annual meteor
shower produced by comet 21P/Giacobini-Zinner and active
in early October. It was first observed in the 1920s (Davidson
1915; Denning 1926) and produced two spectacular meteor
storms in 1933 and 1946 (c.f. Jenniskens 1995). Aside from
the two storms and a few outbursts, it has been quiet in
most years, with hourly rates no more than a few meteors
per hour.
A review of the historic observations and studies of
the Draconids may be found in our earlier work (Ye et al.
2013); in this introductory section we mainly address the
strong returns in 2011–2012. The outburst of the 2011 Dra-
⋆ E-mail: qye22@uwo.ca
conids was predicted by a number of researchers (Maslov
2011; Vaubaillon et al. 2011, to name a few), and analy-
ses made by various observing teams indicate that the pre-
dictions were quite accurate in both timing and meteor
rates (such as Kero et al. 2012; Koten et al. 2012; Sato et al.
2012; Vaubaillon et al. 2012, and many others).
In contrast, no significant Draconid outburst was pre-
dicted for 2012. Maslov (2011) suggested encounters with
the material ejected by Comet Giacobini-Zinner in 1959 and
1966 (in the form of the 1959- and 1966-trails), at 15–17h UT
on Oct. 8, 2012, but he noted that “visually-detectable activ-
ity is unlikely”, predicting the maximum Zenith Hourly Rate
(ZHR) to be 0.5 and 0.2 respectively for each encounter. The
prediction by Maslov is summarized in Table 1.
In fact, an intense outburst of the Draconid meteor
shower was subsequently detected by the Canadian Meteor
Orbit Radar (CMOR) on Oct. 8, 2012 (Brown & Ye 2012).
As seen by CMOR, the meteor rate started increasing at
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∼ 15h UT, quickly reached a maximum around 16:40 UT,
and returned to the background rate around 19h UT. Pre-
liminary analysis indicated that the peak ZHR was well
above the storm threshold (1 000 meteors per hour). Un-
fortunately, this was mostly a radar event; in addition to
the poor timing of the peak (which only favored Siberia
and Central Asia in terms of darkness), visual and video
observers were largely caught unprepared. The quick look
analysis carried out by the International Meteor Organiza-
tion (IMO) revealed a peak of ZHR=324 ± 66 centered at
16:51 UT, based on observations from only 4 observers1. The
camera set up by the Petnica Meteor Group in Serbia also
detected some activity at 17–18h UT2.
Due to the lack of observations by other techniques, the
radar observations are essential for the study of this out-
burst. We will mostly follow the methodology used in our
earlier study of the 2011 event (Ye et al. 2013) to analyze the
2012 event as recorded by CMOR. The goals of the present
paper are to estimate the basic observational characteristics
of the outburst, such as mean radiant, mass distribution,
flux variation, and to apply the Campbell-Brown & Koschny
(2004) meteoroid ablation model to try to constrain the
physical characteristics of the meteoroids. We will also inves-
tigate the cause of this outburst through numerical modeling
of the stream.
2 INSTRUMENTATION AND DATA
REDUCTION
The instrumental and data reduction details of this work
is similar to that given in Ye et al. (2013) as applied
to CMOR observations of the 2011 Draconids. Tech-
nical details of the entire system may also be found
in Hocking et al. (2001); Jones et al. (2005); Brown et al.
(2008) and Weryk & Brown (2012). Here we only summarize
a few key concepts.
CMOR is a six-site interferometric radar array located
near London, Ontario, Canada. It operates at 17.45, 29.85
and 38.15 MHz, but only the 29.85 MHz data is used in
this study. The 29.85 MHz component transmits with 12
kW peak power with a pulse repetition frequency of 532 Hz.
The radar “sees” a meteor by detecting the reflection of the
outgoing beam from an ionized meteor trail; therefore radar
meteors are detected 90◦ away from their radiants (such a
reflection condition is called specular). As such, when the ra-
diant is close to the zenith, it becomes difficult for the radar
to detect echoes from a particular stream as the echoes are
at low elevation and large ranges when the radiant is close to
the zenith. Detected echoes are processed in an automatic
manner to eliminate questionable detections, correlate the
same events observed at different sites, and calculate meteor
trajectories. Usually, raw streamed data is not permanently
kept, but we intentionally saved the raw data from the 2012
Draconid outburst for further analysis.
Meteor echoes seen by radar may be classified as ei-
ther underdense or overdense echoes, based on their ap-
parent amplitude-time characteristics. The deciding factors
1 http://www.imo.net/live/draconids2012/ .
2 http://www.meteori.rs/wordpress/i-ove-godine-pojacana-aktivnost-drakonida/ .
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Figure 1. Examples of meteor echoes as seen by CMOR. Top: un-
derdense trail; middle: overdense trail; bottom: overdense, wind-
twisted trail.
are many (see Ye et al. 2013, for a more theoretical introduc-
tion), but for a given shower, overdense echoes are typically
associated with larger meteoroids than underdense echoes.
The underdense echoes are always characterized by a rapid
rise and an exponential decay in amplitude (Figure 1a), mak-
ing them relatively easy to identify automatically. Ideally,
the overdense echoes are characterized by a rapid rise, a
plateau, and a steady decay in amplitude (Figure 1b), but in
reality trails distorted by upper atmospheric winds and ex-
hibiting multiple reflection points are often seen (Figure 1c),
making them difficult to characterize with automatic algo-
rithms.
Noting the advantages and weakness of the automatic
routines, we take two approaches for the initial data reduc-
tion:
(i) For the first approach, we try to separate Draconid
echoes from other echoes in the automatically processed
data. This is done in several steps. First, we select all me-
teor radiants measured with time-of-flight (tof) velocities
within 10◦ of the apparent common radiant (i.e. an accep-
tance radius of 10◦ around the apparent center of the clus-
ter of meteor radiants) and 20% of the annual geocentric
velocity, vg = 20.4 km · s
−1 (Jenniskens 2006). The veloc-
ity restriction is intentionally broad, reflecting the spread
due to measurement error and the high decelerations of
Draconid meteoroids, a consequence of their fragility (e.g.
Jacchi et al. 1950; Campbell-Brown et al. 2006). All these
c© 2013 RAS, MNRAS 000, 1–15
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Table 1. The Draconid 2012 outburst prediction by Maslov (2011).
Trail Time αg, δg vg ZHR
(Oct. 8, UT) (J2000) (km · s−1)
1959 16:22, 16:54 262.7◦, +55.8◦ 21.0 0.5
1966 15:37 - - 0.2
echoes are manually inspected to remove data with prob-
lematic time picks (i.e. an improperly automatically chosen
time of occurrence of the specular point) determined by the
automatic algorithms and to ensure the trajectory solution
is correct. We do not revise the time picks, as we need to
keep the procedure repeatable by automatic algorithms in
order to estimate the uncertainty. The uncertainties are es-
timated with a Monto Carlo synthetic echo simulator de-
veloped by Weryk & Brown (2012), allowing the derivation
of a weighted mean common radiant. We then explore the
ideal radiant size for this outburst event by varying the ac-
ceptance radiant interval to search for the acceptance radius
at which the number of radiants reaches an asymptote ap-
proaching the background level, which in this case is ∼ 5◦
(Figure 2); therefore, we reduce the acceptance radius from
10◦ to 5◦. We identify 576 Draconid echoes in this manner
and refer to this dataset as the complete dataset (Table 2).
(ii) For the second approach, we try to separate all over-
dense Draconid echoes. As noted before, overdense echoes
are sometimes difficult to identify automatically, therefore
we separate these echoes by manually inspecting the raw
data from the main site between 15–19h UT on Oct. 8,
2012. Trajectories of these meteor echoes are manually de-
termined when remote site observations are available to de-
termine whether they are Draconids. In all, some 240 over-
dense Draconids are identified this way and will be referred
as the overdense dataset.
Since the velocities in the complete dataset are deter-
mined using the tof method, which depends on trail geom-
etry and is uncertain in part due to height averaging, we
also measure the speed of the meteoroids using the Fres-
nel phase-time method and Fresnel amplitude-time method
(simplified as “pre-t0” and “Fresnel” method hereafter, see
Ceplecha et al. 1998, §4.6.1 and §4.6.2 for an overview). The
advantage of these two methods is that they only depend on
the observation from the main site, which does not introduce
the geometry or height averaging effects of the tof tech-
nique. In total, we gathered 360 echoes with pre-t0 speeds
and 25 echoes with Fresnel speeds, where 13 echoes have
both pre-t0 and Fresnel speeds. Numerically, the two speeds
are equivalent, as the deceleration of the meteoroid is mini-
mal during its passage over the Fresnel zones (amounting to
∼ 1 − 2 km of trail length; Figure 3); we therefore assume
the pre-t0 or Fresnel speed is the meteoroid’s speed at its
specular height. For the 13 echoes where both pre-t0 and
Fresnel velocities are measured, preference is given to the
one with smaller uncertainty.
The raw number of echoes as a function of time on Oct
8, 2012 in each dataset is given in Figure 4.
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Figure 2. Radiant densities centered at λ−λ⊙ = 53◦, β = +79◦
in sun-centered ecliptic coordinates, as a function of radiant size
on the outburst date, Oct. 8, 2012. Shown for comparison is the
average of the same ecliptic sun-centered radiant location on Oct.
7 and Oct. 9, 2012 when no significant Draconid activity was
present. It can be seen that the radiant size on Oct. 8 and the
background rate meets at ∼ 5◦.
3 OBSERVATIONAL RESULTS
3.1 Radiant and Orbit
The weighted mean radiant of all meteors in the the
complete dataset is αg = 262.3
◦ ± 0.1◦, δg = +55.7
◦ ± 0.1◦
(J2000 epoch) (Figure 5). The weighted mean radiant of
meteors detected within 15–19h UT is αg = 262.4
◦ ± 0.1◦,
δg = +55.7
◦ ± 0.1◦ (J2000 epoch).
The derivation of true orbit requires additional effort in
data reduction, as the fragility of Draconid meteoroids intro-
duces an underestimation of the deceleration correction as
noted by Campbell-Brown et al. (2006) and Ye et al. (2013),
that leads to a reduction in estimating the true out of at-
mosphere speed of the meteoroids. To solve this problem,
we make use of the echoes detected at higher heights, as
they do not penetrate very deep into the atmosphere and
therefore suffer less deceleration. We also need to select the
echoes with pre-t0 or Fresnel velocity measured to minimize
the error caused by deceleration undercorrection. We only
consider the echoes detected within 15–19h UT (i.e. close to
the peak time) to minimize the possible contamination of
background Draconid meteors not associated with the out-
burst. We then choose 98 km as the cut-off height, as it is
the highest possible cut-off with a statistically significant
sample (only two echoes are detected at > 99 km). Tak-
ing all these constraints into account, a total of 14 echoes
are selected from the complete dataset. We note that a sig-
c© 2013 RAS, MNRAS 000
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Table 2. Characteristics of the 2012 Draconid radiant as observed by CMOR. The mean radiants are calculated using error weightings
according to the Monte Carlo error simulations by the synthetic echo simulator (see §2.1 of this paper, as well as Weryk & Brown 2012;
Ye et al. 2013).
Time period αg , δg Nradiants
(J2000)
Oct. 8 (all day) 262.32◦ ± 0.10◦, +55.67◦ ± 0.05◦ 576
Oct. 8 (15–19h UT) 262.35◦ ± 0.10◦, +55.67◦ ± 0.05◦ 545
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Figure 3. The Fresnel velocities versus pre-t0 velocities for the
13 high altitude echoes having both techniques for velocities mea-
sureable.
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Figure 4. The raw number of Draconid echoes detected by
CMOR in the complete and the overdense dataset, binned in
10-minute intervals. The background level is normally ≪ 1 Dra-
conid per 10-minute bin.
nificant fraction (5/14) of these have local zenith angle η
above 50◦, which suggests that the undercorrection effect is
again significant due to the longer atmospheric path of the
meteoroid entering the atmosphere at such a shallow angle.
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Figure 5. Distribution of individual Draconid radiant of the
complete dataset.
Hence, we remove these five echoes and create an additional
subset, and present both results together (Table 3).
We note that the mean orbit derived from the nine-
meteor sample is consistent with the orbit of 21P/Giacobini-
Zinner at its 1959 and 1966 apparitions. Additionally, the vg
derived from the nine-meteor sample agrees with that de-
rived from the multi-station video observations of the 2011
Draconid outburst (vg = 20.9 ± 1.0 km · s
−1 as noted by
Jenniskens et al. 2011) within uncertainty. This agreement
is reassuring as the video observations have more complete
coverage of the trail length of each meteoroid compared to
radar, allowing the deceleration correction for individual me-
teoroids to be established with higher confidence along with
the pre-atmosphere velocity (vg) and orbit. We believe that
the orbit derived from the nine-meteor sample represents the
best mean orbit for the 2012 Draconid outburst as observed
by CMOR.
3.2 Mass Index
The mass index can be determined using either underdense
echoes or overdense echoes. For underdense echoes, the cu-
mulative number of echoes with amplitude greater than A
follows the relation N ∝ A−s+1 (McIntosh 1968), while for
diffusion-limited overdense echoes, N ∝ τ−
3
4
(s−1) (McIntosh
1968), where τ is the echo duration.
We first use the underdense echoes detected between
15–19h UT in the complete dataset to determine s. Echoes
within a range interval between 110–130 km from the main
c© 2013 RAS, MNRAS 000, 1–15
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Landscape table to go here.
Table 3.
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Figure 6. Cumulative echo numbers as a function of amplitude
for Draconid echoes with ranges between 110–130km. The mass
index is determined to be 1.88± 0.01 by fitting the linear portion
of the curve as shown.
site are selected to avoid contamination from overdense-
transition echoes (see Blaauw et al. 2011, for discussion).
We determine the mass index to be 1.88 ± 0.01 by fitting
the linear portion of the data in Figure 6. The uncertainty
given here is the fitting uncertainty only, and could be sev-
eral times smaller than the real one due to the small sample
size.
We then use the overdense dataset as a check on the
mass index value determined using the amplitude distribu-
tion alone (Figure 7). The trail of electrons can fall to an
undetectable density either through diffusion or chemical re-
combination. The latter is more likely for very dense trails
produced by larger meteoroids at low altitudes. The possible
turnover between diffusion- and chemistry-limited regime, or
the “characteristic time”, can be seen at about 2.5 s in Fig-
ure 7, which agrees with the value derived for 2011 (2.7s,
Ye et al. 2013). Using the few data points in the possible
diffusion-limited regime, the mass index can be estimated
to be around 1.7–1.8. However, we should note that this re-
sult is doubtful due to the presence of a sudden steep rise
in cumulative number at τ <∼ 2 s. The possibility of un-
derdense contamination can be ruled out by examining the
theoretical underdense region in the height-duration distri-
bution (Figure 8). A possible explanation of this behavior
is the lack of long overdense echoes due to the radiant ge-
ometry at the time of the outburst as well as abundance of
smaller meteoroids of this event, preventing us from getting
enough statistics for longer duration echoes. Alternatively,
the lack of a power law fit at the high mass end of the mete-
oroid distribution (i.e. overdense echoes) may indicate that
the size distribution within the stream does not follow a
power-law, in contrast to the behavior seen in 2011, where a
clear fit existed to the smallest overdense echoes durations.
In this case, the upper upturn below τ <∼ 2 indicates an
overabundance of smaller Draconids in the outburst.
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Figure 7. Cumulative echo numbers as a function of echo du-
ration for overdense Draconid echoes. The possible characteristic
time can be seen near tc = 2.5 s.
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Figure 8. The height range of the selected overdense echoes in
the overdense dataset. The shaded area marks the underdense
region defined by McKinley (1961). If this population were mainly
underdense, a clear duration vs. height trend would be presented
in the graph.
3.3 Flux
The flux can be calculated from the number of echoes de-
tected per unit time divided by the effective collecting area
of the radar for the Draconid radiant. The effective collecting
area of CMOR is calculated following the scheme described
in Brown & Jones (1995). Simply put, the collecting area
for a given radiant is the integration of the magnitude of
the gain over the “reflecting strip” of the radar wave (a 90◦
great circle perpendicular to the radiant direction), which
takes into account both the radiant geometry and mass in-
dex. The ZHR (i.e. the number of meteors that an average
observer would see in one hour, given that the sky is clear
and dark, and the radiant is at the zenith) can then be cal-
culated by using its relationship to the actual meteoroid flux
c© 2013 RAS, MNRAS 000, 1–15
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(Koschack & Rendtel 1990) as computed by the radar and
mass index, using the fact that the limiting meteor radio
magnitude of CMOR is ∼ 8.5.
As shown in Figure 9, the main peak based on 5-min
averaged CMOR data occurred at 16:38 UT (solar lon-
gitude, λ⊙ = 195.622
◦), Oct. 8, with maximum flux of
2.4± 0.3 hr−1 · km−2 (appropriate to meteoroid mass larger
than 10−7 kg), equaling ZHRmax = 9000 ± 1000. The IMO
data shows several “peak-lets” from 16:25–16:55 UT, with
ZHRmax around 500–600. The existence of these “peak-lets”
is likely a statistical oddity due to the limited number of ob-
servers (only one observer for each of these “peak-lets”). For
example, the time range around 16:40 UT (which contained
three observers reporting 10 Draconids total observed) cor-
responds to a ZHR of 185± 55.
We note that these ZHRs assumed a single power-law fit
from fainter radar meteors to equivalent radio magnitude of
+6.5 where the ZHR is defined. As noted earlier, an apparent
deviation is notable between larger visual meteoroids and
smaller radar meteoroids from a pure power-law, hence the
effective ZHR quoted from CMOR observations are likely
upper limits.
3.4 Ablation Modeling
To model the structure of the Draconid meteoroids,
we used the meteoroid ablation model developed by
Campbell-Brown & Koschny (2004). The velocities and elec-
tron line densities as measured by CMOR are used as con-
straints to fit the model. The velocities used here are ap-
propriate to the echo specular height (i.e. pre-t0 or Fresnel
velocities); the electron line densities are computed from the
observed amplitude value, using the formula appropriate to
either underdense echoes (when q < 2.4×1014 m−1) or over-
dense echoes (when q > 2.4× 1014 m−1). The methodology
is essentially the same as for the 2011 outburst (Ye et al.
2013), except that we do not model individual events for de-
celeration as no such events are found for the 2012 outburst.
We use the parameters suggested by two previous stud-
ies of the Draconids, Borovicˇka et al. (2007) and Ye et al.
(2013), while other parameters are left fixed as suggested
in Campbell-Brown & Koschny (2004). The parameters are
summarized in Table 4.
We first tried to find the optimal combination of grain
mass and grain number by fixing the total mass at 10−5 kg
and varying these two variables. We choose 10−5 kg here, as
this value is a reasonable compromise between the detection
limit (∼ 10−7 kg) and the underdense/overdense transition
level (∼ 10−4 kg appropriate to meteors with q ≈ 1014 m−1
or peak visual brightness of +4 magnitude). We used the
transition level as our upper limit as most of the echoes
in the complete dataset are underdense echoes. Finally, we
look for a modeling fit that minimizes the deviation between
the model and trend of the data points with respect to the
height. However, from Figure 10, we cannot identify a unique
fit; the range of optimal fit seems to lie somewhere between
ngrain = 10 and ngrain = 10 000.
We then plot the modeling fit for mtotal = 10
−6 to
10−4 kg, for ngrain = 10 to 10 000, to further examine the
goodness of each parameter set (Figure 11). Again, we do
not see an obviously unique solution, but it seems that the
ngrain = 10 and ngrain = 100 scenarios produce a better
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Figure 10. Sensitivity test for different number of grains, ngrain,
at a fixed total mass m = 10−5 kg.
qualitative fit to both velocities and electron line densities.
This generally agrees with our previous finding for the 2011
outburst which find the optimal ngrain = 100; it also agrees
with the photographic result for the 2005 outburst to some
extent (Borovicˇka et al. 2007), but we note that the fits are
not well constrained from our observations, therefore they
can only be used to broadly establish the fact that the 2012
Draconid meteoroids were not radically different in physical
makeup from those detected during the 2011 outburst.
4 DYNAMIC MODELING
To better understand the 2012 Draconids outburst, nu-
merical simulations were performed of the parent, comet
21P/Giacobini-Zinner. The simulations included a Solar
System of eight planets whose initial conditions were derived
from the JPL DE405 ephemeris (Standish 1998), with the
Earth-Moon represented by a single particle at the Earth-
Moon barycenter. The system of planets, parent and mete-
oroids were integrated with the RADAU method (Everhart
1985) with a time step of seven days used in all cases.
The comet orbital elements used in these simula-
tions are derived from Marsden & Williams (2008) where
orbital elements are provided for each appearance of
21P/Giacobini-Zinner from its discovery in 1900 through
2005. This extensive data set is important as the parent,
c© 2013 RAS, MNRAS 000, 1–15
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Figure 9. The ZHR/flux profile of the 2012 Draconid outburst as observed by CMOR (binned in 5-minute intervals; error bars represent
Poisson errors only), comparing to the visual profile reported by the visual observers to the International Meteor Organization (IMO).
The radar flux is appropriate for meteoroids with m > 10−7 kg; the visual flux is appropriate for meteors with V < 2− 3 mag.
Table 4. Input parameter for the ablation model as used in Ye et al. (2013).
Parameter Value Unit
Deceleration corrected apparent velocity, v∞ 23.27 km · s−1
Zenith angle, η 55◦ deg.
Bulk density, ρbulk 300 kg ·m
−3
Grain density, ρgrain 3 000 kg ·m
−3
Heat of ablation, qheat 3× 10
6 J · kg−1
Thermal conductivity, κ 0.2 J ·m−1 · s−1 ·K−1
being a Jupiter-family comet, is extensively perturbed, and
has time-varying non-gravitational parameters.
An initial survey of the meteoroid complex used the cat-
alog orbit for 21P/Giacobini-Zinner’s 2005 perihelion pas-
sage as a starting point. Simulations of meteoroids released
during each of 21P/Giacobini-Zinner’s perihelion passages
back to 1862 were examined for clues as to the origin of
the material that produced the 2012 outburst. These simu-
lations revealed that the 1966 apparition was the source of
the 2012 event, and as a result the orbital elements given for
the 1966 perihelion passage were used in subsequent simu-
lations. These orbital elements are listed in Table 5.
No non-gravitational forces due to outgassing (e.g.
Marsden et al. 1973) were applied to the comet in our
final simulation results. Some test simulations that did
include non-gravitational forces, using the values for
21P/Giacobini-Zinner from Yeomans (1986) as listed in
Marsden & Williams (2008), were run but these did not pro-
duce any noticeable differences in the results.
The simulations were run with the two-stage refinement
c© 2013 RAS, MNRAS 000, 1–15
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−10 to 10−5 kg). The corre-
sponding mtotal range is from 10
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Name Perihelion q (AU) e a (AU) ω Ω i
21P 2005 Jul 2.7605 1.037914 0.705691 3.526613 172.5429◦ 195.4301◦ 31.8109◦
21P 1966 Mar 28.2844 0.933501 0.729394 3.449669 172.9153◦ 196.6674◦ 30.9382◦
sim. 0.9968 ± 0.0003 0.725 ± 0.003 3.62 ± 0.04 172.75◦ ± 0.09◦ 195.65◦ ± 0.04◦ 31.79◦ ± 0.02◦
obs. 0.9952 ± 0.0003 0.710± 0.032 3.22± 0.61 172.26◦ ± 0.35◦ 195.620◦ ± 0.001◦ 31.45◦ ± 0.69◦
Table 5. A list of the orbital elements used for comet 21P/Giacobini-Zinner for dynamic modeling of the Draconid meteoroid stream
formation. From Marsden & Williams (2008). CMOR observations are extracted from the nine-meteor solution in Table 3.
procedure described in Wiegert et al. (2013). Briefly, in the
first stage, the comet orbit is integrated backwards to the
desired starting point, in this case back approximately 150
years to 1862. The comet is then integrated forward again,
releasing meteoroids at each perihelion passage as it does so.
All meteoroids which pass sufficiently close to the Earth’s
orbit during the simulation are collected: this is our list of
“bulls-eyes”. Bulls-eyes are those that have a minimum or-
bital intersection distance (MOID) of no more than 0.02 AU,
and that are at their MOID with the Earth no more than
±7 days from when our planet is there.
In the second stage, the integration of the comet for-
ward in time is repeated. However in this case, instead of
releasing particles randomly as determined by a cometary
ejection model, particles are released only near initial con-
ditions in which a bulls-eye was produced in the same time
step in the first simulation. These second generation parti-
cles are released at the same position (that of the nucleus,
taken to be a point particle) but are given a random change
in each velocity component of up to ±10% of that of the
original bulls-eye. These second generation meteoroids in-
evitably contain far more particles that reach our planet. Of
this sample, those which pass closest to the Earth in space
and time will be considered to constitute the simulation out-
burst.
In our initial simulations, at each perihelion passage a
numberM = 104−105 particles is released in each of the four
size ranges with radii r from 10−5−10−4 m, 10−4−10−3 m,
10−3 − 10−2 m and 10−2 − 10−1 m, the whole range span-
ning from 10 µm to 10 cm in diameter. They are chosen
so that the distribution of particle radii is flat when binned
logarithmically by size. A power-law size distribution with
mass index s can be recovered after the simulation is com-
plete by giving each particle a weight proportional to r−3s+3
(Wiegert et al. 2009) if desired. However, we do not apply
such a weight to the results reported here because the out-
burst is found to consist of such a narrow range of particles
(radii almost exclusively from 100 µm to 1 mm) that the
application of such a weighting is likely inappropriate.
Post-Newtonian general relativistic corrections and ra-
diative (i.e. Poynting-Robertson) effects are also included.
The ratio of solar radiation pressure to gravitational force β
is related to the particle radius r (in µm) through β = 1.9/r
following (Weidenschilling & Jackson 1993), though our ex-
pression assumes a particle mass density ρ = 300 kg ·m−3
for Draconid meteoroids as was reported by Borovicˇka et al.
(2007).
The comet is considered active (that is, simulated me-
teoroids are released) when at a heliocentric distance of
3 AU or less, during the first simulation stage the simu-
lated parent releases particles at a uniform rate during this
part of its orbit. While active, particles are released with
velocities from the prescription of either Crifo & Rodionov
(1997) or the revised Whipple model of Jones (1995). We
use a nucleus radius for 21P/Giacobini-Zinner of 1000 m
(Tancredi et al. 2000) but in the absence of other details
we assume a Bond albedo for the nucleus of 0.05, a nucleus
density of 300 kg ·m−3 and an active fraction of the comet’s
surface of 20% where needed in the above ejection models.
The Brown & Jones (1995) model was found to reproduce
the duration of the outburst as observed by CMOR slightly
better and the results reported here use the Jones model.
A supplementary integration of the comet orbit
backwards for a thousand years allowed a determina-
tion of the Lyapunov exponent using the algorithm of
Mikkola & Innanen (1999). The e-folding timescale is ap-
proximately 30 years, not unexpected for a Jupiter-family
comet with a node near that giant planet. Our primary re-
sult, that the outburst originated from the 1966 perihelion
passage of the parent comet, is thus two e-folding times into
the past and thus not unduely affected by chaotic effects.
The short Lyapunov time is a result of the frequent close
encounters that 21P suffers with Jupiter. The one of most
relevance here is the only close encounter occuring in the
1966-2012 time frame, a close approach to within less than
1.6 Hill radii in 1969. This encounter strongly affects both
the parent and the meteoroids released during the 1966 per-
ihelion passage.
5 COMPARISON OF SIMULATIONS WITH
OBSERVATIONS
The simulation output for the year 2012 is presented in Fig-
ure 12, which shows the nodal intersection points of the sim-
ulated meteoroids overplotted on the Earth’s orbit. The dots
shown are those test particles within 0.02 AU of Earth’s or-
bit and reaching that point within ±7 days of our planet
being at the same solar longitude. These are colour-coded
by the perihelion of the parent that released them. The black
points represent those which are closest to intersecting the
Earth, within ∆r = ±0.002 A.U. and ∆t = ±1 day; these
will be taken to constitute the simulated outburst.
Only one perihelion passage has a significant popula-
tion of particles that meet the outburst criteria: 1966. The
location of the peak corresponds to the time that CMOR
detected the outburst, though the nodal footprint is slightly
off the Earth’s orbit: this will be discussed further below.
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Figure 12. The nodal footprint of the Draconid meteor stream for 2012 from simulation. The most populous perihelion passages are
indicated by specific colors, all others are in grey. Black is reserved for those particles which meet the most stringent encounter criteria
and are deemed to comprise the simulated shower. Only the 1966 perihelion passage has a substantial number of such particles. The
timing of the observed CMOR radar peak is indicated by a dotted line. See text for more details.
5.1 Why was there no prediction of an outburst?
The largest difference between the simulations and observa-
tions is the fact that the simulated meteors approach but do
not quite intersect the Earth’s orbit. This likely contributed
to the absence of theoretical predictions of the outburst.
Maslov3 did predict activity for the 2012 Draconids at this
3 http://feraj.narod.ru/Radiants/Predictions/1901-2100eng/Draconids1901-2100predeng.html .
time, in particular in the radio meteor range, which he at-
tributed to the 1959 and 1966 trails, which our simulations
confirm.
In order to investigate the question of why the simu-
lated nodal footprint of the 1966 streamlet does not inter-
sect the Earth’s orbit, we performed additional simulations
with higher ejection velocities to determine the conditions
required for these meteoroids to reach the Earth. Additional
ejection velocities around 50–100 m · s−1 are needed to move
the imulated 1966 strea to Earth orbit crossing. Parti-
c© 2013 RAS, MNRAS 000, 1–15
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cles in our model are ejected with a range of velocities Vej
which depends on their size and heliocentric distance. Parti-
cles from 10−5 to 10−4 m have Vej = 210± 80 m/s (average
± one standard deviation); 10−4 to 10−3 m, Vej = 66 ± 25
m/s; 10−3 to 10−2 m, Vej = 21± 8 m/s and 10
−2 to 10−1 m
= 6.6±2.5 m/s. The three largest size ranges can be brought
to Earth intersection by increasing the ejection velocity to
50 to 100 m/s, while 30 m/s proves just insufficient. Thus
the discrepancy in the nodal position (which amounts to
roughly 0.001 A.U. or about half the distance to the Moon)
could be accounted for by relatively high ejection velocities
(as Maslov also noted). However we note that the close en-
counter with Jupiter suffered by 21P/Giacobini-Zinner and
its daughter particles in 1969, as well as uncertainties in
the comet orbit itself (i.e. its non-gravitational parameters
changed markedly in the 1966–1972 time frame, Yeomans
(1986)) make it difficult to pinpoint a single cause. We con-
jecture that inevitable errors in the Jupiter family comet’s
orbit coupled with its frequent approaches to Jupiter pro-
duce uncertainties in the location of the stream’s node large
enough to confound attempts to model the shower accu-
rately.
Nonetheless, we can conclude with some confidence that
the outburst observed by CMOR was produced by the 1966
trailet. This is because a comparison of the properties of
these particles are consistent to a high degree with the Dra-
conid outburst observed by CMOR. This includes the timing
of the outburst, its radiant, velocity and the overall orbital
elements, which we present below.
5.2 Timing and radiants
Figure 13 shows the timing of the shower. The radar and
simulation results are offset slightly, with the simulations
showing activity peaking about 0.03◦ of solar longitude
(about 45 minutes) earlier than was observed, though the
precise width and peak of the simulated shower is somewhat
sensitive to our choice of ∆r and ∆t.
The radiants are shown in Figure 14. The locations
of the CMOR radiant is indicated by the error bars. The
ellipse indicates one standard deviation of the simulated
radiant. The observed and simulated radiants thus have
αg and δg which are consistent to within one sigma. The
geocentric velocity (far from Earth) of simulated meteors
20.93± 0.03 km · s−1. These agree with the radar-measured
velocities within their respective uncertainties.
5.3 The “absent” storm for visual observers
The size distribution of the outburst in the simulation is con-
centrated in a narrow range of meteoroid sizes, from about
0.1 to 0.7 mm, corresponding to a typical β ≈ 5×10−3. This
size selection arises essentially from the timing constraint.
Particles of different sizes tend to have different arrival times
at Earth even if released from the parent at the same time
and with the same ejection velocity because a particle’s or-
bital period is a function of β. The need to arrive at the
correct time to produce the outburst thus will restrict β to
a narrow range. This size distribution is qualitatively con-
sistent with CMOR observations. Because of the strong size
selection for this outburst, the concept of a power-law dis-
tribution of sizes must be used with great care in this case.
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Figure 13. The timing of the Draconid outburst of 2012. The
black histogram shows the simulation; the grey band indicates
the times where CMOR saw significant shower activity and the
white line indicates the radar peak.
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Figure 14. The simulated radiant. The grey points indicate those
particles passing within ±0.02 AU and ±7 days of Earth. The
black points indicate those meeting the most stringent criteria
(∆r = 0.002 AU, ∆t = ±1 day) and are deemed most likely to
have comprised the material producing the outburst. The green
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Figure 15. The phase space of β and ejection speed sampled by
the simulation (grey) and those that are part of the simulated
shower (black), demonstrating the reason for dynamical filtering
of the outburst to a narrow range of meteoroid sizes.
The orbital elements for the core of the simulated out-
burst is listed in Table 5. Given the match in the timing
and width of the outburst, as well as consistency between
the radar derived sizes and radiants and those of the simu-
lations, we conclude that the 2012 Draconids outburst con-
sisted primarily of particles released during the 1966 perihe-
lion passage of comet 21P/Giacobini-Zinner.
The meteoroids which reach the Earth from the 1966
perihelion passage show no concentration of release times in
the pre- or post-perihelion orbital arc. The β and ejection
velocities in the simulation are shown in Figure 15: only a
narrow segment of the particles ejected from the comet reach
the Earth during the 2012 outburst.
The extensive compilation of historical comet observa-
tions of Kronk (1999) was examined to see if the 1966 per-
ihelion passage of 21P/Giacobini-Zinner displayed any be-
haviour that might explain the outburst. The apparition was
a faint one and poorly observed but there are no indications
of an outburst or other unusual dust production during its
1966 apparition.
5.4 Future outlook
We extended our simulations to determine whether any fur-
ther outbursts of the Draconids are likely between now and
2025. This process is fraught with difficulties, since we have
already concluded that our knowledge of the parent’s orbit is
insufficient to model even the observed 2012 outburst in full
detail. However the desire to better understand this peculiar
shower leads us to the attempt nonetheless.
Our earlier discussion of the 2012 outburst revealed in-
sufficient accuracy either in our knowledge of the comet’s dy-
namical parameters (i.e. orbital elements, non-gravitational
parameters) or in our ability to simulate the comet’s evo-
lution. To attempt to get around these restrictions, we run
simulations based on each of the sets of osculating orbital el-
ements listed in Marsden & Williams (2008) for all fourteen
appearances of 21P/Giacobini-Zinner from its discovery in
1900 through 2005 inclusive. Each is integrated backwards
for 100 years, and then forwards again, producing dust at
each perihelion passage until the year 2025. The initial sim-
ulations and refinement stages are performed in all of these
cases as described earlier. In the absence of observation un-
certainty and the chaos produced by close encounters with
Jupiter, these simulations would all produce the same re-
sults. Most – but not all – simulations produced similar pre-
dictions. However, observational uncertainty and chaos are
present and thus each of the fourteen orbits is only an ap-
proximation to the true orbit at some instant in time, and
we find that shower predictions are very sensitive to such
small variations in the comet’s orbit. The results reported
here for future activity represent a somewhat subjective se-
lection of those years where a majority of the simulations
produce appreciable activity.
To better understand the situation, we first compared
the simulations with known outbursts of the Draconids
(2005, 2011, 2012) in the 2001-2012 range. Here we were
heartened to able to reproduce the occurrence and absence
of outbursts as observed, with one caveat; that the simulated
nodal footprint of the 2005 outburst was displaced slightly
outside the Earth’s orbit similarly to that of 2012 (The 2011
outburst footprint did not require adjustment).
Given these results, we provide here a list of years when
the simulations show the possibility of increased Draconids
activity where many (though some times not all) the nodal
foot prints are on or near the Earth’s orbit. These years are
2018, 2019, 2021 and 2025. The strongest activity is expected
from the year 2018 but its nodal footprint is offset slightly
from the Earth; a precise activity level is hard to calculate
but an outburst similar to 2012 is possible. The other shower
years are not offset from the Earth’s orbit but show lower
rates and smaller particle sizes (Table 6).
6 CONCLUSION
We have reported the analysis of the unexpected intense out-
burst of the Draconid meteor shower detected by CMOR on
October 8, 2012. The peak occurred at ∼16:40 UT (λ⊙ =
195.622◦), with a ZHRmax ≈ 9000 ± 1000. The weighted
mean radiant around the peak time (15–19h UT) was at
αg = 262.4
◦ ± 0.1◦, δg = 55.7
◦ ± 0.1◦ (J2000). The mass
distribution index was determined to be s = 1.88 ± 0.01,
lower than the value found in 2011 indicating that the out-
burst was dominated by faint meteors compared to 2011.
We then used the meteoroid ablation model developed by
Campbell-Brown & Koschny (2004) to model the structure
of the Draconid meteoroids, which does not reveal unique
solutions, but suggests that the number of grains in each
meteoroid falls within the range of 10–100.
Visual observations also showed increased activity
around the peak time, but with a much lower activity than
indicated by radar (ZHR∼ 200). We intrpret this to indicate
a strong size selection in the outburst centred near radar
meteoroid sizes, a result consistent with simulations which
c© 2013 RAS, MNRAS 000, 1–15
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Table 6. Predicted future Draconid activity.
Year Trail Start Peak End Max r (mm) Min r (mm) Offset?
2018 1953 195.2 195.4 195.6 100 0.4 Yes
2019 1979 194.0 194.2 194.5 2 < 0.1 No
2021 1979 193.5 193.8 194.5 0.25 < 0.1 No
2025 1933 194.0 195.0 195.3 10 0.3 No
predict a similar narrow range in small particle sizes. The
concept of a single power-law distribution in meteoroid sizes
may not be valid for this event spanning radar to visual sizes,
indicating that ZHR and flux estimates are similarly uncer-
tain.
Dynamical simulations of this event show with some
confidence that this outburst was originated from particles
released during the 1966 perihelion passage of the parent
body, 21P/Giacobini-Zinner, although there are some un-
certainties of the exact timing of the encounter. Further
simulations showed that possible increased activity of the
Draconid meteor shower may occur in 2018, 2019, 2021 and
2025.
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